One way of establishing a morphogen gradient in a developing embryo involves the localized synthesis of an inducing molecule followed by its diffusion into surrounding tissues. The morphogen-like effects of the mesoderminducing factor activin provide support for this idea in amphibian development. The questions remain, however, of how activin exerts its long-range effects, and whether long-range signalling is a property of all transforming growth factor ␤ (TGF-␤) family members.
Background
One way of establishing a morphogen gradient in a developing embryo involves the localized synthesis of an inducing molecule, followed by its diffusion into surrounding tissues [1] [2] [3] . Support for this idea comes from vertebrate and invertebrate embryos. In amphibian development, Gurdon and colleagues have demonstrated that the effects of the mesoderm-inducing factor activin, a member of the transforming growth factor ␤ (TGF-␤) family, can spread over many cell diameters in a few hours, and that activin can induce the expression of at least two responding genes at distinct concentrations: high doses induce expression of goosecoid and lower levels induce Xenopus Brachyury (Xbra) ( [4, 5] ; see also [6, 7] ). Similarly, in the Drosophila imaginal disk, the TGF-␤ family member decapentaplegic (Dpp) is able to activate expression of optomotor blind (omb) and spalt at a distance, although growth of the imaginal disk obscures the exact range over which Dpp signals [8] [9] [10] . These findings clearly indicate that longrange effects can be mediated by this class of signalling molecules. The questions remain, however, of whether long-range signalling is a general property of all TGF-␤ family members, and whether the long-range effect of activin in Xenopus embryos occurs through a 'relay' mechanism, involving sequential short-range signals, or by long-range protein diffusion.
In this study, we compare the signalling ranges of activin and Xnr-2, both of which induce dorsal mesoderm, and of BMP-4, a vertebrate homologue of Dpp that causes ventralization. Unlike activin, Xnr-2 and BMP-4 act exclusively over short distances. One interpretation of these observations is that activin establishes a 'relay' mechanism, whereas Xnr-2 and BMP-4 do not. However, constitutively active activin receptors, which have effects that mimic those of activin, act in a strictly cell-autonomous fashion, arguing against a relay. Furthermore, a more efficiently processed and secreted Xnr-2 fusion protein can signal over many cell diameters. Together, these observations suggest that the long-range effects of activin are due to protein diffusion, and that the short range signalling of Xnr-2 is due, at least in part, to less efficient processing and/or secretion.
Further restriction of the range of Xnr-2 might result from sequestration of the protein by extracellular components of embryonic tissues. In addressing this idea, we find that disruption of tissue architecture, by disaggregation and reaggregation of both signalling and responding cells, extends the range of Xnr-2 signalling compared with that observed when intact tissues are used.
Together, these experiments suggest that the long-range effects of activin occur through diffusion of the activin protein. The short-range effects of Xnr-2 and BMP-4, however, emphasize that long-range diffusion is not a property of all TGF-␤-related molecules, and indicate that the effects of such molecules during development will depend greatly on their signalling range. This range is likely to be influenced by processing and secretion, and can be limited by interactions with extracellular material.
Results

Signalling ranges of activin, Xnr-2 and BMP-4
The signalling ranges of activin, Xnr-2 and BMP-4 were compared by juxtaposing animal caps derived from embryos injected with RNA encoding each factor with animal caps derived from embryos injected with the cell lineage marker fluorescein lysinated dextran (FLDx) (Fig. 1a) . Like Gurdon and colleagues [4, 5] , we found that activin induced expression of Xbra in FLDx-labelled cells, and that the higher the concentration of activin the further from the source the domain of Xbra expression (Fig. 1b-f ). Activinexpressing animal caps did not express Xbra themselves (Fig. 1b,d,e) , probably because the local activin concentration was too high. By contrast, expression of Xbra in response to Xnr-2 which, like activin, induces dorsal mesoderm, was detected only in the tissue derived from embryos injected with Xnr-2 RNA (Fig. 1g-i) . This was true for all Xnr-2 RNA concentrations tested (10 pg-1 ng of injected RNA), consistent with our previous observation that Xbra expression is not extinguished at high concentrations of Xnr-2 [11] . These results indicate that, in contrast to activin, the effects of Xnr-2 are essentially cellautonomous, and that the Xnr-2 protein does not diffuse from its site of synthesis.
The signalling range of BMP-4, which, unlike activin and Xnr-2, induces ventral mesoderm in the Xenopus embryo, was also tested as described in Figure 1a . Like Xnr-2, and in contrast to activin, BMP-4 acted locally, inducing expression of Xbra only within the immediate environment of its synthesis ( Fig. 1j-l) . These observations contrast with recent work in Drosophila, which suggests that Dpp, the fly equivalent of BMP-4, acts over many cell diameters [8] [9] [10] . Potential reasons for this difference are discussed below.
Constitutively active activin receptors ALK-2 and ALK-4 induce Xbra and goosecoid cell-autonomously
One interpretation of the above results is that activin exerts its long-range effects by initiating a relay mechanism involving sequential short-range signals. Xnr-2 and BMP-4 clearly do not initiate such a relay, as no long-range effects were observed for either molecule. Evidence against a relay mechanism comes from experiments in which Xenopus animal pole regions are made to express constitutively active [12] forms of the type I activin receptors ALK-2 and ALK-4 [13] . If the long-range effects of activin are due to a relay mechanism, this relay should be initiated by the constitutively active receptors, and the effects of the receptors should not be cell-autonomous. Alternatively, if the long-range effects of activin are due to diffusion of activin protein and not to a relay, the effects of the activated receptors should be strictly cell-autonomous. Recent experiments studying the range of Dpp signalling in the Drosophila imaginal disk used similar reasoning [8, 9] .
Expression of activated ALK-4 in Xenopus animal caps induced expression of mesoderm-specific genes goosecoid and Xbra in a concentration-dependent manner (Fig. 2a) , arguing that expression of this receptor alone was sufficient to mimic the mesoderm-inducing effects of activin. When animal caps expressing the constitutively active form of ALK-4 were juxtaposed with FLDx-labelled responding tissue, expression of Xbra and goosecoid occurred exclusively in those cells expressing the activated receptor (Fig.  2b ,c,e,f). In experiments using a constitutively active form of ALK-2, expression of Xbra was also restricted to those cells expressing the activated receptor (data not shown), and a high-magnification view of a recombinant in which activated ALK-2 and ALK-4 were co-expressed shows that even activation of both type I activin receptors did not elicit a response in adjacent cells (Fig. 2d,g ). These results indicate that activin does not initiate a relay mechanism, and they support the notion that the long-range effects of activin occur through protein diffusion.
An activin-Xnr-2 fusion protein signals over a long range
The similar inducing effects but different signalling ranges of activin and Xnr-2 prompted us to investigate the synthesis, processing and secretion of the two molecules by expressing them in Xenopus oocytes. Oocytes injected with RNA encoding activin secreted proteins that migrated at 25 kDa under non-reducing conditions and ~13 kDa under reducing conditions (Fig. 3a, lanes 3,4) . These correspond to the mature form of activin. By contrast, in some experiments Xnr-2-specific bands were not detected in oocyte-conditioned medium at all ( non-reducing conditions did not change its mobility upon reduction ( Fig. 3a. lanes 9 and 10) . The identity of this species is unknown, but in no case did conditioned medium from Xnr-2-expressing oocytes induce Xenopus animal caps to form mesoderm. This analysis indicates that Xnr-2 is secreted inefficiently from oocytes. If the same is true in embryonic cells, this may underlie its inability to signal over long ranges, and is surprising in view of the dramatic effects following its over-expression in the Xenopus embryo [11] . It is possible, therefore, that in vivo Xnr-2 functions essentially cell-autonomously.
The poor secretion of Xnr-2 may result from the regulated processing of the putative carboxy-terminal mature protein from its larger precursor. In an effort to override such constraints, we created a hybrid molecule by fusing the predicted mature ligand region of Xnr-2 to the pro-region of Xenopus activin ␤ B to create Anr-2 (Fig. 3b) . Like chimeric activin-Vg1 fusion proteins [14] , Anr-2 was secreted from Xenopus oocytes (albeit less efficiently than activin itself) and, unlike wild-type Xnr-2, exerted long-range effects (see below). Under non-reducing conditions, the expected species of ~30 kDa was observed in oocyte-conditioned medium, and under reducing conditions we detected small amounts of a species of ~15 kDa (Fig. 3a , lanes 7 and 8, arrowhead). Interestingly, significant amounts of the species of ~30 kDa remained after reduction ( Activin is efficiently secreted from Xenopus oocytes, but Xnr-2 is not. A chimeric activin-Xnr-2 fusion protein (Anr-2) is secreted, albeit at lower levels than activin. Like Xnr-2, Anr-2 induces mesoderm-specific gene expression in animal caps. (a) Non-reducing (top) and reducing (bottom) PAGE analysis of proteins secreted from Xenopus oocytes injected with no RNA (lanes 1 and 2), RNA encoding activin (lanes 3, 4,11 and 12), RNA encoding Xnr-2 (lanes 5,6,9 and 10) or RNA encoding Anr-2 (lanes 7 and 8). Oocytes expressing activin secrete a mature protein of ~25 kDa, which migrates at ~12 kDa upon reduction. Oocytes expressing Xnr-2 secrete an ~30 kDa species whose migration is not altered by reduction. Oocytes expressing Anr-2 also secrete an ~30 kDa species, and on reduction small amounts of a putative ~15 kDa mature species are detectable (arrowhead). In some experiments the ~30 kDa species secreted after injection with RNA encoding Xnr-2 is more apparent (lanes 9 and 10). Unlike activin (lanes 11 and 12), this species consistently does not decrease in apparent molecular weight on reduction. This experiment was carried out four times, with similar results on each occasion. (b) Structure of Anr-2. The amino terminal portion of this molecule consists of the proregion, the cleavage site (RIRKR; single-letter amino-acid code), and the first three amino acids of the mature region of activin. This is fused to the presumed carboxy-terminal ligand region of Xnr-2, omitting the first three amino acids. (c) Anr-2 induces expression of Xbra (at all concentrations tested) and goosecoid (at high concentrations) in a manner reminiscent of wild-type Xnr-2 [11] . We note, however, that inductions by Anr-2 require more RNA than does induction by Xnr-2.
similar size that is sometimes secreted by oocytes injected with RNA encoding Xnr-2 (Fig. 2a, lanes 9 and 10) . A similar peptide is observed in the medium of oocytes injected with RNA encoding zebrafish Vg1 [15] .
The biological activity of Anr-2 was tested by injecting RNA encoding the fusion protein into Xenopus embryos and isolating animal caps at the mid-blastula stage. As seen with wild-type Xnr-2 [11] , low concentrations of Anr-2 activated expression of Xbra, whereas higher concentrations caused the additional activation of goosecoid (Fig. 3c) . The range of Anr-2 signalling was then tested as described in Figure 1a . In contrast to Xnr-2, Anr-2 was able to activate expression of Xbra in adjacent FLDxlabelled responding tissue across a range of up to eight cell diameters (Fig. 4b-f) . The domain of Xbra expression was usually broader than that observed with activin, and abutted the Anr-2-expressing cells, consistent with the observation that Xbra expression is not extinguished at high concentrations of Xnr-2 [11] . Expression of goosecoid was detectable in Anr-2-expressing cells, but did not occur in FLDx-labelled tissue ( Fig. 4h-l) , perhaps because Anr-2 only weakly activated goosecoid (C.M.J., unpublished observations) or because Anr-2 was secreted less well than activin (Fig. 3a) . Surprisingly, conditioned medium from Anr-2-injected oocytes contained no biological activity in the animal cap assay. Together, these experiments show that the hybrid molecule Anr-2, although a less active inducing molecule than wild-type Xnr-2 (see Fig. 3 legend), is able to exert its effects over a longer range. We conclude that constraints on Xnr-2 processing and secretion limit the signalling range of the molecule.
Dispersion of Xnr-2-expressing cells increases signalling range
The above results suggest that the limited range of Xnr-2 is due, at least in part, to inefficient processing and secretion. Another constraint on Xnr-2 signalling might involve interaction of the protein with extracellular material; indeed, growth factors have long been known to bind, in biologically active form, to components of the extracellular matrix [16] . To address this issue, we disrupted the embryonic tissue architecture by making conjugates with disaggregated and reaggregated blastomeres, instead of intact tissues.
In the first series of experiments, animal pole blastomeres derived from embryos injected with RNA encoding Xnr-2 were disaggregated in calcium-and magnesium-free medium and then reaggregated by adding divalent cations. Pellets of cells derived from such reaggregates were placed between two FLDx-labelled animal caps and expression of Xbra was monitored by in situ hybridization. In contrast to experiments using intact tissue ( Fig. 1g-i) , Xnr-2 activated expression of Xbra in adjacent FLDxlabelled cells (Fig. 5a,b,d,e) . Moreover, the range of Xnr-2 was limited to one or two cell diameters under these conditions. The range of the chimeric molecule Anr-2 in similar experiments was greater than that of Xnr-2, as demonstrated by the halo of Xbra expression visible around the Anr-2-expressing cell pellet (Fig. 5c,f) . This is consistent with experiments using intact tissue (compare Figs 1 and 4 ).
Disaggregation and reaggregation of Xnr-2-expressing tissue allows limited signalling to occur to an adjacent tissue, but further spread of the effects of Xnr-2 might be restricted by components of the responding tissue. To address this issue, disaggregated Xnr-2-expressing cells labelled with rhodamine lysineated dextran (RLDx) were mixed in different ratios with disaggregated, FLDxlabelled responding cells and the cells were then reaggregated. In this way, the tissue integrity of both the signalling and responding cells was compromized. Wholemount in situ hybridization revealed that, under these conditions, expression of both Xbra and goosecoid occurred throughout the cell population ( Fig. 6a-f) . Only the outer layer of cells did not express these genes, and this is probably because they were unhealthy; a few cells were shed from these reaggregates during the 3-4 hour culture period (C.M.J., unpublished observations). It was not possible to determine the exact signalling range of Xnr-2 in this experiment, but the fact that Xbra expression was detected continuously within the mixed population of cells, even when Xnr-2-expressing cells made up only 6 % of the population (Figs. 6c,f) , suggests that the Xnr-2 signal spreads over multiple cell diameters. From these observations, we conclude that components of embryonic tissues can limit the range over which a molecule signals.
Discussion
Long-range diffusion of signalling molecules
The results presented in this paper provide strong support for the idea that activin can establish a morphogen gradient through passive diffusion and not by a relay mechanism [4, 5] . In this respect, the effects of activin in early Xenopus tissues resemble those reported for Dpp in the Drosophila wing imaginal disk [8, 9] . Experiments using Xenopus, however, have several advantages over the wing disc in demonstrating long-range signalling by a TGF-␤ family member. First, the Xenopus genes Xbra and goosecoid both give immediate-early responses to activin, in the sense that their expression can be induced in the absence of protein synthesis [17, 18] . Furthermore, transcription of both genes is induced within the 3-4 hour time window used in these experiments. Detection of these markers therefore provides an accurate read-out of activin signalling. By contrast, the detection assays in Drosophila are performed after many hours of development and it is not known whether omb and spalt directly respond to Dpp.
Second, the range of signalling by activin in Xenopus tissues is not exaggerated by growth [4] , whereas Drosophila imaginal disks expand from small progenitor populations of 20-40 cells into sheets of thousands of cells [19] . In the wing disk, this growth is under the control of Dpp [20] , the very molecule whose signalling range was under investigation. Although the long-range effects of
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Figure 5
Comparison of the signalling ranges of Xnr-2 and Anr-2 produced by cell pellets. Xnr-2 produced from a cell pellet signals over a greater distance than Xnr-2 produced in an intact tissue. Bright-field (a,b) and fluorescent (d,e) images of tissue conjugates in which a cell pellet expressing Xnr-2 is sandwiched between fluorescently labelled animal caps. Cell pellets producing Xnr-2 activate Xbra in responding cells adjacent to the cell pellet.
(a) Low magnification view of an Xnr-2-producing cell pellet shows Xbra (purple/blue stain) expression detected within the general vicinity of the Xnr-2 source. The apparently Xbra-negative domain in the centre of the cell pellet probably results from the lack of penetration of the alkaline phosphatase substrate. (b) A high-magnification view of a representative Xnr-2 recombinant demonstrates that Xbra expression is activated in cells outside the Xnr-2-producing cell pellet. This limited diffusion differs from the results obtained when Xnr-2 is produced in an intact tissue (Fig. 1) . The grey line indicates the border between the cell pellet (non-fluorescent) and the FLDx-labelled responding animal cap, as shown in (e). Xnr-2 signals 2-3 cell diameters away from its source under these conditions. (c,f) Cell pellets producing Anr-2 signal over a greater distance than Xnr-2, as is also observed when intact tissue is used (Fig. 4) . The grey line delineates the Anr-2-producing pellet which is non-fluorescent in (f). Xbra expression (c) is detected in a halo encircling the cell pellet.
Results are representative of 20 recombinants analyzed.
Dpp are clearly not due to signalling by a relay [8, 9] , the extent to which Dpp itself diffuses within the disc is not clear, because its true range could be greatly magnified by the extensive growth induced in the wing disc assay. Indeed, the fact that over-expression of a constitutively active Dpp receptor in the normal expression domain of the Dpp ligand can provide substantial rescue of wing development [9] is consistent with the idea that Dpp normally acts over quite a short distance. If this is the case, its signalling range might be similar to that observed for BMP-4 in Xenopus (Fig. 1 ).
Short-range signalling by Xnr-2 and BMP-4
In contrast to activin, the TGF-␤ family members Xnr-2 and BMP-4 act only within the local environment of their synthesis. Our results suggest that the restricted range of these proteins is due to regulated processing and/or secretion, as well as to interactions between these signalling molecules and components of the extracellular milieu. They further indicate that one mechanism by which the vertebrate embryo might regulate the effects of TGF-␤-related molecules is by controlling the range over which they act.
Activin and Xnr-2 induce mesoderm-specific gene expression in a concentration-dependent manner [4] [5] [6] [7] 11, [21] [22] [23] , indicating that both proteins elicit morphogen-like responses. However, the results presented here establish that each molecule functions by using a distinct mode of action within embryonic tissues. Activin appears to diffuse freely, whereas Xnr-2 signalling is confined locally. These observations suggest that there are at least two ways to establish a morphogen gradient in a developing embryo. One mechanism is through the localized synthesis of a freely diffusible molecule. Another invokes widespread expression of an inducing molecule with its activity modulated in a graded fashion. Differential responses to Xnr-2 and BMP-4 could be established in this manner [11, 24] .
Finally, the short-range effects of BMP-4 observed in our experiments differ from the long-range effects of Dpp recently described in the Drosophila imaginal disk [8, 9] . As discussed above, this difference may be due to the fact that the true range of Dpp is exaggerated by the extensive growth and cell movement that occurs in the imaginal disk. However, it is equally likely that the difference is genuine, and results from differences between Xenopus embryonic tissues and Drosophila imaginal disks.
Conclusions
This study provides evidence that the long-range effects of activin occur through diffusion of activin protein, suggesting that a classical morphogen system can operate in a multicellular vertebrate embryo. In contrast, the shortrange effects of Xnr-2 and BMP-4 emphasize that longrange diffusion is not a general property of all signalling molecules. The ranges of signalling molecules, such as these TGF-␤ family members, are regulated at multiple levels, including processing and secretion and interactions with the extracellular matrix. By combining long-and short-range signalling molecules, the vertebrate embryo is provided with multiple mechanisms for establishing diverse cellular responses.
Materials and methods
Xenopus embryos, microinjection and dissection
Xenopus embryos were obtained by in vitro fertilization [25] . Microinjection of lineage labels [26] and RNA encoding activin [27] , Xnr-2 [11] , BMP-4 [24] , Anr-2 (see below), constitutively active ALK-2 (see below) or constitutively active ALK-4 (see below) was performed as described by Smith [28] . Animal caps were dissected as described by Smith [28] and tissue recombinations were carried out essentially as described by
Figure 6
Analysis of Xnr-2 signalling in mixtures of Xnr-2-producing and responding cells. Gurdon and colleagues [4, 5] , except that cytochalasin was omitted from the culture medium because no cell mixing is observed. Single-cell reaggregates were made essentially as described by Green and colleagues [6, 7] . Briefly, animal caps were incubated in calcium-and magnesiumfree medium for 10-15 min. The outer layer of cells, which dissociates only with difficulty, was discarded, and the inner layer cells were mixed at the appropriate ratios before being pelleted by centrifugation at 165 × g for 2 min in the presence of calcium and magnesium. Reaggregates were cultured until the equivalent of stage 10.5, when they were processed for whole-mount in situ hybridization.
Anr-2, ALK-2 and ALK-4
Anr-2 was constructed by PCR amplification of the cDNA encoding the amino terminus of Xenopus activin ␤ B [27] and the carboxyl terminus of Xnr-2 [11] . The 3′ activin primer and the 5′ Xnr-2 primer were designed with overlapping sequences. After PCR amplification, each fragment was gel-purified. The two fragments were then mixed, and the mixture was subjected to an additional PCR using the 5′ activin primer and the 3′ Xnr-2 primer. The chimeric amplification product was gel purified, digested with SpeI and XbaI, and cloned into pSP64TXB, a modified form of pSP64T kindly provided by M. Tada. The fusion protein was checked by sequencing. Activated mouse ALK-2 and ALK-4 were constructed by mutating the threonine at position 204 to aspartic acid. The analogous amino-acid change in ALK-5, a type I TGF-␤ receptor, causes constitutive activation [12] .
Oocyte injections and PAGE
RNA (20-50 ng) encoding activin, Xnr-2 or Anr-2 was injected into stage 6 oocytes. Oocytes were incubated for 1-2 days in 75 % normal amphibian medium [29] containing 0.1 % bovine serum albumin and 0.2-1.0 mCi ml -1 [ 35 S]methionine/[ 35 S]cysteine (PROMIX). Samples of conditioned medium were analyzed directly by PAGE followed by autoradiography.
RNAase protection
RNAase protection analysis using probes specific for Xbra [17] and goosecoid [18] was carried out as described by Jones and colleagues [11] .
In situ hybridization
Whole-mount in situ hybridizations using probes specific for Xbra [17] and goosecoid [18] were performed essentially as described by Harland [30] . After in situ hybridization, tissues were postfixed in MEMFA [30] , photographed, processed for histology, and sectioned at 10-20 m using standard procedures.
